Plasmonics has started to facilitate the replacement of bulky optical components in optical systems by compact nanometallic elements that perform the same function. This allows for a natural and very dense integration with electronic devices. In this vein, we present a silicon (Si) photodetector integrated with a set of plasmonic structures that can be used as either a broadband linear-Stokes polarimeter or a narrowband fullStokes polarimeter capable of determining the complete state of polari zation of a light beam. At a probe-wavelength of 830 nm, our experimental results show contrast ratios of 25 and 1.13 for orthogonal linear and circular states of polarization, in good agreement with simulations. The resulting device is lightweight, orders of magnitude smaller than conventional polarimeters, and mechanically robust. For these reasons, there promises to be a wide range of applications including polarimetric imaging and sensing.
Polarization is a property of light that describes the vector nature of its electric fi eld oscillations. Since polarization information is not correlated with the intensity or spectral information of light, use of polarized light has added superb capabilities to a wide range of applications including optical communications, imaging, microscopy, and sensing. In such applications, the state of polarization is typically monitored with the help of bulky optical components. It is by now wellestablished that nanometallic (i.e., plasmonic) structures can be engineered to produce an optical response that is strongly polarization-dependent [1 -9] . Very recently, the use of plasmonic crystals in free-space polarimetric systems has even been demonstrated [10, 11] . Here, we show how to fully integrate plasmonic polarimetry functions with a Si-based photodetector. Such an integrated plasmonic polarimeter enables an accurate measurement of the complete state of polarization of light. Whereas conventional polarimetry approaches rely on the use of large optical components such as rotating polarizers and retardation wave plates, [12, 13] this work shows that a compact platform can achieve the same functions. This work adds to a growing body of literature where plasmonic elements can be integrated with semiconductor elements to produce photodetectors with enhanced optical responses, integration advantages, or new, built-in optical functionalities [14 -17] .
A set of four parameters is required to completely describe the state of polarization of an arbitrary polarized electromagnetic wave [12] . Experimentalists commonly use the Stokes parameters (S 0 , S 1 , S 2 , S 3 ) for this purpose as these parameters are conveniently measured as a sum or difference of measurable light intensities after light passes through polarization sensitive fi lters [18] . We have designed a compact plasmonic photodetector structure with which these parameters can be quantifi ed in a quick and convenient fashion through a set of photocurrent measurements. Figure 1 schematically shows our envisioned plasmonic polarimeter, which consists of a silicon (Si)-based Schottky detector of which the gold (Au) contact is patterned with four linear subwavelength slits at different orientations and two subwavelength coaxial apertures surrounded by spiral grooves with opposite twists. A Schottky barrier is created by using a few nanometer thick chromium (Cr) layer between the n-type Si substrate and the Au layer. In this letter, we illustrate how the intensity measurements required determining the Stokes parameters can be translated into photocurrent measurements on the patterned structures. These photocurrent measurements then enable a convenient determination of the polarization state of an arbitrary polarized incident light beam. Figure 1 shows a Cartesian coordinate system (x,y,z) with the light propagation direction along the z-direction and with electric fi eld components E x and E y in the x and y directions. If we denote the light intensity of a beam that passes through a linear polarization fi lter oriented at an angle of θ° with respect to the x-axis by I θ , then we fi nd that S 0 = I 0 + I 90 is the intensity of the original light beam. The other Stokes parameters are given by S 1 = I 0 -I 90 and S 2 = I 45 -I 135 and represent the difference between light intensities after passing through two different sets of orthogonally polarized fi lters. The last Stokes parameter is given by S 3 = I RHC -I LHC and quantifi es the difference between intensities of the right-handed and left-handed circularly polarized portions of the light [12] . Based on these defi nitions, all four Stokes parameters can thus be determined through six intensity measurements behind four fi lters for linear polarization and two fi lters for circular polarization [19] . In the following sections, we will show how the six required polarization fi lters can be implemented with differently shaped plasmonic structures patterned in the Au fi lm. Given the linear relationship between the generated photocurrent and the light intensity behind the fi lters in the Si substrate, the required intensity measurements can effectively be translated into a set of photocurrent measurements. It has been shown that linear slits in a metal fi lm give rise to extraordinary optical absorption when placed on an absorbing material [20] . In a detector structure as shown in Figure 1 , this absorption can be directly quantifi ed in a photocurrent measurement. For a linear slit, light absorption is maximized when the electric fi eld of the incident light is polarized normal to the slit and is dramatically reduced when the electric fi eld is parallel to the slit. For this reason, the measured photocurrent obtained from an illuminated linear slit is essentially related to the portion of the light polarized normal to the slit. We have arranged four linear slits in an Au fi lm on a Si substrate as fi lters for linear polarization shown in Figure 1 and 3A. We have numerically and experimentally investigated the polarization-dependent transmission properties of these slits.
We have modeled the transmission of light through a linear slit in an Au fi lm on a Si substrate using a fi nite element method employing COMSOL Multiphysics. Figure 2 A depicts this device along with the corresponding magnetic fi eld distribution for a transverse magnetic (TM) polarization with the electric fi eld normal to the slit. A monochromatic plane wave with an 830 nm wavelength traveling in z-direction impinges upon a 100-nm wide slit in a 200-nm thick Au fi lm. The material parameters are obtained from Ref. [21] . The simulations are performed in two dimensions ( yz plane) and in COMSOL Hybrid Mode, which allows a rotation of the electric fi eld in the xy plane and analyzing the polarizationdependant absorption of light in the Si beneath the slit. The angle of the incident electric fi eld rotates from 0 (electric fi eld along the slit) to 360° and the corresponding absorption in the Si is calculated. Figure 2B shows the calculated normalized absorption as a function of the polarization angle. The linear polarization contrast ratio (LPCR), which is defi ned as the ratio between the maximum and minimum absorption, is calculated to be 200 at 830 nm. The LPCR at a certain wavelength and for a certain choice of metal depends on geometrical parameters and it can be maximized by tuning these parameters, i.e., increasing the metal thickness. If we keep the Au thickness and slit gap size constant and scan the wavelength, the LPCR monotonically increases as a function of wavelength as shown in Figure 2C . Increasing the slit width at a given wavelength would lower the LPCR signal. In some applications such as full linear Stokes imaging polarimetry [22] , measurement of S 0 , S 1 , and S 2 is suffi cient and measurement of all four Stokes parameters is not required since very little amount of circular polarization is present. In these cases, the aforementioned arrangement of four slits would provide the complete polarization state over a wide wavelength range from visible to near IR.
The linear Stokes polarimeter is made in a 200-nm thick Au fi lm with focused ion beam milling (FIB) as shown in Figure 3 A. A 5-nm thick Cr layer is sandwiched between the Au fi lm and the n-type Si substrate as an adhesion layer for the Au and to form a Schottky barrier. The Schottky barrier enables effective charge separation of the photogenerated carriers near the Si surface, right where the plasmonenhanced optical fi elds are largest. In experiments, the light from an 830 nm diode laser is spatially fi ltered using a single mode optical fi ber. It is then collimated and then passed through a polarizer, a half-wave plate, and fi nally focused to a ∼ 1.5 μ m diameter spot on the device with a microscope objective (50× objective with 0.42 NA). Modulation of the optical signal was used for lock-in based measurements. The device is mounted on a precision piezo-stage and electrically contacted using a set of wire-bonded contacts. The photocurrent images of the linear Stokes polarimeter are obtained by raster scanning the laser beam over the device. Figure 3B shows a photocurrent image obtained from the slit array for the case where the angle between the incident light electric fi eld and the horizontal slit is 7 ° . This photocurrent image confi rms that the light absorption in the Si is dominated by the portion of the light polarized normal to each slit.
The photocurrent response of a single slit at a given polarization is defi ned as the maximum measured photocurrent found in scanning the beam over the slit. Figure 3C shows the photocurrent response of a single slit as the direction of the incident electric fi eld is continuously varied with a half wave plate. This behavior is consistent with the results in Figure 2B and we fi nd a LPCR of 25 at the 830 nm wavelength.
To measure the response of a slit to elliptical and circular polarizations, we replace the half wave plate with a quarter wave plate. Figure 3D shows the photocurrent response of a single slit when we change the relative phase between x and y components of the electric fi eld by a quarter wave plate. As expected, the measured photocurrent for linear polarization is twice of that for circular polarization.
So far we have introduced a broadband linear Stokes polarimeter with which we can distinguish between linear, circular, and elliptical states of polarization for polarized light and determine the degree of linear polarization ( 
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) for partially polarized light. To determine the handedness of a circularly or elliptically polarized light and also degree of circular polarization ( S 3 /S 0 ) for partially polarized light, we require fi lters for right-hand and left-hand circular polarizations. It has been shown that spiral grooves or spiral slits respond differently to circularly polarized (CP) light of opposite handedness due to geometric phase effects [23 -26] . Two Archimedean spiral grooves with opposite twists in an Au fi lm are used to determine the direction of polarization rotation, as schematically shown in Figure 1 . When a light beam impinges on the spiral groove, it excites surface plasmon polaritons (SPPs) on the Au surface. The interference pattern of the SPPs depends on the polarization of the incident light and the spiral twist. For CP light, the SPP interference pattern is an evanescent Bessel beam of order n where n depends on the number and direction of rotation of spiral grooves and the handedness of the CP light [26] . For a right-handed (RH) spiral groove, SPPs interfere constructively at the center of the groove for left hand circular polarization (a zeroorder Bessel beam) and destructively for right hand circular polari zation (a second-order Bessel beam). Figure 4 depicts simulation results of the electric fi eld distribution at 1 nm above the Au-air interface for right and left hand circular polarizations (RHCP, LHCP) and two orthogonal linear polarizations illuminating an RH spiral groove.
By placing a coaxial aperture [27] with an appropriate size at the center of a spiral groove, different SPP interfence patterns for different polarizations can be translated into different amounts of light absorption in the Si detector. The advantage of using a coaxial aperture is that both the coupling of SPPs generated by a spiral to the coaxial aperture mode and the transmission through the coaxial aperture can be highly effi cient. In contrast, poor transmission would be observed for a deep subwavelength coaxial aperture surrounded by a circular grating. By appropriately choosing the inner and outer radii of a coaxial aperture, we can maximize Si absorption when the spiral twist and handedness of the incident circular polarization are opposite and minimize absorption when they are the same.
At an 830 nm wavelength, we fi nd from full-fi eld 3D COMSOL simulations that good results can be obtained when the inner and outer radii of the coaxial aperture are 310 nm and 410 nm, respectively. In simulations, we illuminate a two-turn RH spiral groove with a Gaussian beam with 2.7 μ m full-width half-maximum (FWHM) and measure the absorption in the Si substrate. The depth of the spiral groove is chosen to be 70 nm, the width is half a SPP wavelength, and the center-to-center distance between grooves is 813 nm, close to the SPP wavelength for a freespace wavelength of 830 nm. The circular polarization contrast ratio (CPCR), which is defi ned as the ratio between LHCP absorption and RHCP absorption, is calculated to be 1.96. For an LH spiral groove, the CPCR is inverse of that as expected. Using two-fold spiral grooves or adding more winding turns to the spiral grooves can increase the CPCR. The propagation length of surface plasmons ultimately limits the maximum achievable CPCR. Figure 5 A shows a scanning electron microscopy (SEM) image of a coaxial aperture surrounded by an RH spiral groove designed for an 830 nm wavelength. Figure 5B shows the measured photocurrent for the device shown in Figure 5A as a function of the phase difference between E x and E y . The measured CPCR with an illuminating beam spot of ∼ 4 μ m is 1.13. This experimental result together with the simulations show that we can determine the direction of polarization rotation by measuring the photocurrents from two apertures surrounded by spiral grooves with opposite twists. The sense of polarization can simply be determined by determining which spiral produces the larger photocurrent. By introducing appropriate gain factors, we can match the gain of coaxial apertures to linear slits and extract full Stokes parameters from six photocurrent measurements.
In summary, we have introduced a plasmonic polarimeter integrated with a Si photodetector that can determine the complete polarization state of a beam of light. Measurement of the state of polarization typically requires bulky optical components. This work may impact the design of future, ultra-compact integrated systems and cameras that can monitor a variety of properties of light in a simple and effi cient manner. In such designs, multiple, closely-spaced ( < < 1 μ m), individuallyaddressable detectors or pixels can each be furnished with distinct plasmonic functionalities (e.g., polarization or color fi ltering) and the need for scanning (as in Figure 3 ) would be obviated.
